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Available online 24 August 2016Behavior of coastal systems on time scales ranging from single storm events to years and decades is controlled by
both small-scale sediment transport processes and large-scale geologic, oceanographic, andmorphologic process-
es. Improved understanding of coastal behavior at multiple time scales is required for reﬁning models that predict
potential erosion hazards and for coastalmanagement planning and decision-making. Herewe investigate the pri-
mary controls on shoreline response along a geologically-variable barrier island on time scales resolving extreme
storms and decadal variations over a period of nearly one century. An empirical orthogonal function analysis is ap-
plied to a time series of shoreline positions at Fire Island, NY to identify patterns of shoreline variance along the
length of the island. We establish that there are separable patterns of shoreline behavior that represent response
to oceanographic forcing as well as patterns that are not explained by this forcing. The dominant shoreline behav-
ior occurs over large length scales in the form of alternating episodes of shoreline retreat and advance, presumably
in response to storms cycles. Two secondary responses include long-term response that is correlated to known
geologic variations of the island and the other reﬂects geomorphic patterns with medium length scale. Our
study also includes the response to Hurricane Sandy and a period of post-storm recovery. It was expected that
the impacts from Hurricane Sandy would disrupt long-term trends and spatial patterns. We found that the re-
sponse to Sandy at Fire Island is not notable or distinguishable from several other large storms of the prior decade.
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Fire Island1. Introduction
In the aftermath of extreme storm events there tends to be an in-
creased societal focus on understanding the processes that control var-
iations in coastal response, such as shoreline erosion and recovery. Such
knowledge can be used for the development and reﬁnement of models
that predict future coastal behavior, andprovides fundamental informa-
tion needed to understand coastal vulnerability and resiliency. It is im-
portant to consider the relative roles of the various drivers of coastal
change and the time scales of their inﬂuence when developing predic-
tive models of coastal evolution in geologically and oceanographically
complex coastal systems such as barrier islands.
Hydrodynamics are a primary driver of coastal change. Water levels
and currents associatedwith waves, surge and tides interact with beach
and bar morphology and associated sedimentary deposits to drive
beach and shoreline response during single storm events and stormy
periods (Lippmann and Holman, 1990; Plant et al., 1999; Sallenger,
2000; Stockdon et al., 2006; Wright and Short, 1984) and over longer
timescales (e.g., Yates et al., 2009). The alongshore variability of wave
energy reaching the coast can be inﬂuenced by the orientation of thecoast, the bathymetry of the adjacent inner shelf and shoreface, and
themorphology of the nearshore bar and surf zone.Morphodynamic re-
sponse of a beach during storms is driven by hydrodynamic processes,
but other factors, such as alongshore variations in beach and shoreface
slope, island elevation, and sediment availability may also impact
short-term beach response (Tătui et al., 2014; Wright and Short, 1984).
Longer-term behavior (years to decades) of the shoreline is the re-
sult of hydrodynamic andmorphodynamic processes acting overmulti-
ple stormy and intervening calm periods during which the advanced or
retreated state of the shoreline may be increasingly inﬂuenced by sedi-
ment supply and geology (Houser et al., 2008;Morton et al., 2007; Viles
and Goudie, 2003; Woodroffe, 2003). Determining the relationship be-
tween shoreline processes and the response of the shoreline over a con-
tinuum of time scales requires data of sufﬁcient temporal and spatial
resolution and extent to resolve these scales (Stive et al., 2002).
Shoreline data capable of resolving storm events, annual and multi-
decadal response are uncommon, and as a result few studies have ex-
amined shoreline behavior over a broad range of time scales. And
while oceanographic forcing parameters (e.g., offshore wave height
and direction) can be evaluated over long time periods using data
from wave buoys and tide gauges, or from modeled hindcast results
(U.S. Army Corps of Engineers Wave Information Studies, for example).
However, hydrodynamic processes alone are not sufﬁcient to explain all
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acteristics (e.g., framework geology and geomorphology) of barrier is-
land systems exert control on both the long-term and/or short-term
responses to the hydrodynamics.
Studies abound in the literature that describe the importance of
framework geology on barrier island coastal evolution and response.
The foundational studies of Belknap and Kraft (1985) and Riggs et al.
(1995) related characteristics of the underlying stratigraphy of the
inner continental shelf in North Carolina, including stratigraphic varia-
tions and sediment availability, to barrier island evolution over long
temporal scales. Schwab et al. (2000, 2013) extended theNorth Carolina
studies to examine the relationship between stratigraphic and lithologic
variations in the pre-Holocene and Holocene deposits of the inner con-
tinental shelf off Fire Island, New York, and centennial scales of shore-
line change. McNinch (2004), Miselis and McNinch (2006) and
Schupp et al. (2006) built on the previousworks but focused on smaller
scales of framework geology and shoreline change. The studies exam-
ined the occurrence of paleochannels and deposits within the shoreface
along a single barrier island and found a relationship between the pat-
terns of decadal shoreline change and variable sediment availability,
with shoreline erosion in areas dominated by paleochannels.
Hapke et al. (2010, 2011b) established the relationship between
shoreline change on a variety of time scales (decades to century) and
the modern morphology and framework geology of the inner shelf at
Fire Island. Persistent shoreline undulations were shown to occur coin-
cidently with the section of the islandwhere a shoreface-attached ridge
system extends into the very nearshore (~3–4 m water depth) and ap-
pears to inﬂuence hydrodynamic processes. Further, Lentz et al. (2013)
spatially correlated decadal beach-dune morphology and response, in-
cluding zones of persistent overwash, to variations in storm wave
water levels that are related to bathymetric variations on the inner
shelf. Thus, the framework geology,which controls the bathymetric var-
iability is shown to be linked to island response on storm to decadal
scales.
The above introduction is by no means a complete overview of the
research that has established linkage between framework geology and
coastal response. Such an effort is outside the scope of this paper. How-
ever, the examples and references therein provide the foundational
knowledge that framework geology has an important and demonstra-
ble inﬂuence on rates and trends of shoreline change on a variety of
time scales. A question that remains is what is the relative importance
of storm processes versus geological control on storm response and
multi-decadal evolution of barrier islands?
In this paper, we utilize a statistical approach to examine spatial and
temporal variations in the morphologic evolution and response of the
shoreline at Fire Island, NY, and relate the behaviors to the inﬂuences
of geology and stormprocesses. In addition,we take advantage of an en-
hanced temporal resolution of our shoreline data to capture the short-
term response of a recent extreme storm event.
We hypothesize that there are separable patterns in shoreline re-
sponse that can be utilized to examine the role of oceanographic forcing
of storms of varying sizes versus geologic control. There may be feed-
back between the different components that alter how the system re-
sponds if there are large shifts in morphology or geology. For instance,
large storms could change the distribution of sediment supply and
alter subsequent patterns of short-term and long-term response. Hurri-
cane Sandy (landfall on Oct. 29, 2012, near Atlantic City, NJ) is an event
that we investigate to explore whether extreme storms alter the stabil-
ity of the island, altering the relationship between geology and long and
short time-scale behavior.
Fire Island is an ideal locale for examining this relationship due to
the complex, but well-documented framework geology, distribution of
sand deposits on the inner shelf, and variable bathymetry and island to-
pography (Hapke et al., 2011b; Leatherman, 1985; Lentz and Hapke,
2011; Lentz et al., 2013; Schwab et al., 2000, 2013, 2014). We utilize
an extensive database of shoreline positions that extends over a timeperiod of 81 years to examine the morphodynamics of the shoreline
over multiple time scales and assess the dominant controls on the spa-
tial variations and temporal trends. The variance in the time series is an-
alyzed using empirical orthogonal functions (EOF) to statistically
evaluate temporal trends and spatial patterns that dominate the shore-
line behavior. This approach allows us to decompose the complex time
series to isolate the relative importance of the factors controlling shore-
line behavior and the scales over which they have inﬂuence. We then
describe the differentmodes, attribute them to oceanographic, geologic,
or feedback processes, and identify what processes control shoreline
variability at different spatial and temporal scales.2. Oceanographic and geologic setting
Fire Island is part of the barrier island system that ﬂanks the south
shore of Long Island, New York (Fig. 1). The island is oriented east-
northeast and extends for 50-km from Fire Island Inlet in the west
to Moriches Inlet in the east. Both inlets are stabilized with jetties
and periodically dredged to maintain navigation channels. The Fire
Island coastal system is wave-dominated, microtidal, with a tidal
range of 1.3 m (NOAA, 2014). Sediment transported along the
shore of Fire Island is primarily from east to west, driven by the pre-
dominant wave approach out of the southeast (Leatherman, 1985).
The ocean coastline of Fire Island is modiﬁed by storms and subse-
quent recovery. The most common severe storms are extratropical
(nor'easter) systems that occur seasonally, typically from November
through April. Nor'easters tend to have durations extending over
multiple tidal cycles, generally 2–5 days. In contrast, hurricanes di-
rectly impact Fire Island less frequently and in general are faster
moving systems, with impacts occurring over one or two tidal cycles,
typically lasting b24 h (Birchler et al., 2015). Historic storms of note
can be identiﬁed from reports of widespread erosion, overwash,
breaching, and infrastructure damage along this coastline. Examples
of such storms include the 1938 Hurricane, the 1962 AshWednesday
storm, a series of powerful nor'easters in 1991, 1992 and 1993, and
Hurricane Sandy in 2012. Signiﬁcant wave heights during Hurricane
Sandy reached the highest levels on record, 9.6 m (from NDBC wave
buoy #44025) (Hapke et al., 2013).
Distinct variations in the morphology of the inner continental shelf
and modern sediment distribution patterns offshore of Fire Island
(Schwab et al., 2013, 2014) allow the system to be divided into three
distinct geologic zones. Remnants of a Pleistocene glacioﬂuvial outwash
lobe deﬁne a submerged headland offshore of central Fire Island (Fig. 1).
The zone is more gently sloping than the adjacent areas and contains
thicker deposits of sediments. To the east of the submerged headland,
relatively older Pleistocene outwash is exposed over much of the
inner continental shelf; little modern sediment exists in this zone
(Schwab et al., 2000, 2013, 2014). The morphology of the inner conti-
nental shelf offshore of western Fire Island is dominated by a ﬁeld of
shoreface-attached sand ridges that migrate in a westerly direction
(Duane et al., 1972; Schwab et al., 2013, 2014).
The morphologic behavior and storm response of the island is rela-
tivelywell documented and both shoreline and proﬁlemorphodynamics
have been related to the regional variations in inner shelf geology
(Hapke et al., 2013; Leatherman, 1985; Lentz and Hapke, 2011; Lentz
et al., 2013; Schwab et al., 2013). The historical record of shoreline
change along Fire Island can be separated into three zones which corre-
spond to the three geologic zones identiﬁed on the inner continental
shelf. Schwab et al. (2013) noted that the rates of change are highly
variable along the coast with erosion along the eastern segment of the
island (−0.72± 0.18m/year), modest shoreline accretion in the central
segment of the island (0.38 ± 0.07 m/year) and mixed erosion and
accretion along the western segment (−0.12 ± 0.14). In this paper we
refer to the different zones as the western, central and eastern geologic
zones (WGZ, CGZ, and EGZ).
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Fig. 1. Location map of Fire Island showing inner shelf geology (modiﬁed from Schwab et al., 2013), bathymetry, and the west (WGZ), central (CGZ) and east (EGZ) geologic zones.
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3.1. Shorelines and time series analysis
Shorelines incorporated into this analysis are largely derived from
previous data compilations (Table 1) (Hapke et al., 2011a;
Himmelstoss et al., 2010; Lentz et al., 2013; Schwab et al., 2013). For
this study, the extensive historical shoreline database is supplemented
with new data collected immediately prior to and after Hurricane
Sandy (October–November 2012) and over a period of ﬁfteen months
after Sandy to document recovery (Henderson et al., 2015). The post-
Sandy shorelines are derived from ﬁeld data acquired using DGPS sur-
vey lines collected on the beach face and extracting the MHW contour
from an interpolation of the survey data (Hapke et al., 2013). Older
shorelines (pre-1997) are based on interpretations of high-water lines
(HWL) from historical maps andwet-dry lines (WDL) identiﬁed in aeri-
al photographs. More recent shorelines (1997 to 2014) are mean high
water (MHW) contours derived from lidar elevation datasets or ground
surveys. Estimates of shoreline positional uncertainty contained in this
database (Table 1) were derived using methods established by
Himmelstoss et al. (2010) and Hapke et al. (2011a) by assessing theTable 1
Overview of shoreline data and uncertainty statistics.
Shoreline dates Number
shoreline
7/01/1933, 7/01/1938a 2
7/01/1962, 7/01/1979a 2
3/23/1969, 3/28/1969 1
7/01/1983, 7/01/1988 2
8/11/1993, 9/11/1994, 8/21/1995, 8/23/1996, 9/22/1997, 9/11/2001,
10/16/2006
7
12/03/1998, 10/21/1999, 9/30/2000, 10/08/2002, 4/25/2005, 4/30/2007,
7/09/2009, 8/16 & 8/29/2010, 8/31/2011, 5/07/2012, 11/05/2012
11
3/13/2013, 9/19/2013, 1/30/2014 3
HWL - high water line; WDL - wet dry line; MHW - mean high water.
a 07/01/YEAR is a default date used when the actual survey date is unknown, or spanned ov
b http://pubs.usgs.gov/of/2010/1119/.
c https://irma.nps.gov/App/Reference/Proﬁle/2174499.
d The operational MHW for Fire Island, NY is 0.46 m NAVD88.errors associated with the data sources, collection, extraction or digiti-
zation of the shorelines, and summing the error terms in quadrature.
This uncertainty ranges from 1 to 5 m.
Shoreline change rates using twenty-three shorelines from previous
analyses (Hapke et al., 2010; Schwab et al., 2013) and ﬁve additional
shorelines are used to extend the long-term record and examine the im-
pact and recovery from Hurricane Sandy (Table 1). The shoreline data-
base contains numerous historical shorelines for years in which
storms occurred but none of the data were collected speciﬁcally to re-
solve storm events and subsequent recovery. The additional data from
2012 to 2014 allows for a more detailed examination of an extreme
storm event (Hurricane Sandy) at Fire Island.
A regular time-series array is developed frommean-removed shore-
lines and allows visualization of persistent trends, temporal oscillations
and spatial variations of the shoreline. The temporalmean shoreline po-
sition is calculated using the time series of shorelines (1933–2014). This
value is then subtracted from each observed shoreline position such
that positive values in Fig. 2 represent shorelines that are seaward of
the mean and negative values are landward of the mean. The array is
created using a linear Delauney triangulation to interpolate between in-
dividual dates and locations to create a Triangulated Irregular Networkof
s
Uncertainty
(m)
Shoreline
proxy
Shoreline
originator
Data source Data originator
10.8 HWL USGSb T-Sheet, aerial
photography
NY Sea Grant
5.1 MHW,
WDL
USGSb Aerial
photography
NY Sea Grant, UMD
5.1 WDL USGS Aerial
photography
URI/NPS
3.2 WDL USGSb Aerial
photography
NY Sea Grant
3.2 HWL USGS/NPSc Field survey NPS/USGS
2.0 MHWd USGS Lidar USGS/NPS/NOAA/NASA
1.2–5.5 MHWd USGS Field survey USGS
er multiple dates. It is assumed that 1938 and 1962 are post-hurricane aerial surveys.
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Fig. 2. Time series of mean-removed shoreline position. The gray boxes are data gaps overwhich residuals are averaged over long time periods and have high levels of uncertainty. Recent
signiﬁcant storms are represented by the arrows and letters: O = Oct. 2005 nor'easter; P = 2007 Patriot's Day nor'easter; N = 2009 Nor'Ida storm; I = 2011 Hurricane Irene; S = 2012
Hurricane Sandy. The 3 geologic zones are also demarcated.
Fig. 3. Long-term linear regression plot of shoreline change rates, with the 95% conﬁdence band (dashed line) around the average rate (solid line). The vertical dashed lines show the
divisions of the western, central and eastern geologic zones.
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46 C.J. Hapke et al. / Marine Geology 381 (2016) 42–53(TIN)·Where there are large temporal gaps in the sampling record (for
example between 1940 and 1960 in Fig. 2), the interpolated grid cell
values have a higher degree of uncertainty due to aliasing. However,
persistent variations are still clearly resolved. For example, the zone of
erosion in the area 18–20 km alongshore (Fig. 2) is persistent over
long periods of time (1933 to 1989) and the interpolated grid provides
a visual representation of the spatial continuity of that behavior through
time.
Shoreline change rates are calculated at 50m intervals using theDig-
ital Shoreline Analysis System (DSAS; Thieler et al., 2009) to generate
linear regression rates and other change statistics (Fig. 3). The analysis
does not include the very eastern and western portions of the island, 2
and 4 km from the inlets, respectively, in order to exclude the large sig-
nals of accretion associated with the construction of the inlet jetties and
associated inlet bypassing in the case of Moriches Inlet.
The uncertainties for the linear regression rates are calculated fol-
lowing the method outlined in Hapke et al. (2011a) and Hapke et al.
(2013). The approach uses a spatially-lagged autocorrelation (Garrett
and Toulany, 1981) to determine the number of independent transects
in the area along which rates are being averaged. A quadrature average
of the 95% conﬁdence interval (Taylor, 1997) is then determined using a
reduced number of independent transects.Table 2
Mean and standard deviation over a 5 year period for wave height, wave period, wave di-
rection or propagation, and surge.
Years Wave
height (m)
Wave
period (s)
Wave direction
(deg)
Surge (m)
μ σ μ σ μ σ μ σ
1935 1939 −0.21 0.17
1940 1944 −0.21 0.18
1945 1949 −0.17 0.17
1950 1954 −0.14 0.18
1955 1959 −0.11 0.18
1960 1964 −0.11 0.18
1965 1969 −0.09 0.18
1970 1974 −0.04 0.18
1975 1979 −0.07 0.18
1980 1984 1.09 0.61 7.30 2.68 −32.41 49.98 −0.03 0.17
1985 1989 1.07 0.58 6.89 2.58 −27.86 49.14 −0.03 0.16
1990 1994 1.10 0.61 7.07 2.62 −29.29 50.47 −0.02 0.18
1995 1999 1.12 0.63 7.02 2.63 −25.35 49.72 0.04 0.17
2000 2004 1.10 0.57 6.75 2.47 −22.87 50.21 0.03 0.16
2005 2009 1.07 0.59 7.02 2.53 −25.70 52.28 0.08 0.18
2010 2014 1.03 0.58 7.26 2.63 −26.16 53.25 0.12 0.17
Complete 1.08 0.6 7.06 2.61 −27.15 50.61 −0.06 0.203.2. EOF (empirical orthogonal function) analysis
We use empirical orthogonal function analysis (EOF) as a tool for
identifying coherent spatial and temporal variability. EOF has been
used in a variety of applications in coastal systems. Most have applied
the technique to evaluate dominant modes of variability in the cross-
shore direction (Houser et al., 2008; Wijnberg and Terwindt, 1995;
Winant et al., 1975; Yates et al., 2011) while some researchers have
used EOF to assess trends and patterns in alongshore variability in
shoreline position (Dick and Dalrymple, 1984; Munoz-Perez et al.,
2001; Miller and Dean, 2007). In this study, EOF analysis is used to sep-
arate the spatial and temporal patterns of the mean-removed shoreline
position data. The EOF analysis solves for independent modes that can
be used to reconstruct the input data as
X y; tð Þ ∑Mm¼1Am tð ÞFm yð Þ ð1Þ
whereX indicates themean-removed shoreline position data, and y and
t indicate alongshore position and time, Am are temporal modes, Fm are
spatial modes, and the summation is over all possible modes, M, which
equals the number of spatial locations included in the analysis (M =
839). To compute the EOF modes, spatial and temporal data gaps were
ﬁlled prior to EOF analysis via interpolation that used a smoothing ﬁlter
(Plant et al., 2002) with 250-m half-width in the alongshore direction
and 1-month half-width in time. The temporal smoothing removed
very rapid ﬂuctuations in cases where there were frequent surveys
that sampled individual storm response and recovery. Spatial gaps
wider than 250 m were treated as missing data following the approach
of Davis (1976), which ﬁnds weighted values for the EOF amplitudes
(Am) when data are missing, reducing sample bias at times when the
data are not complete. We deﬁne the EOF spatial modes (Fm) such
that they are normalized to have unit variance and the temporal
modes (Am) carry the actual variance explained by each mode. The
modes are sorted such that those with the most variance are presented
ﬁrst and, as we will show, the ﬁrst few modes are the only ones that
contain relevant signals and the later modes are attributed to noise. Ad-
ditionally, because the modes are, by deﬁnition, independent of each
other, we can interpret each one individually and attempt to assign dif-
ferent physical process or geological signiﬁcance to each one, indepen-
dent of the other modes.3.3. Wave record analysis
To examine whether temporal variations in the EOF modes can be
related to hydrodynamic forcing as opposed to geologic processes, we
analyzed available wave and water level records and compared them
to the EOF. We used Wave Watch 3 (WW3) data from 1979 to 2015,
which consist of reanalysis hindcast data between January 1979 and
January 2005. Historical observed data were used between February
2005 and January 2015 (http://polar.ncep.noaa.gov/waves/). The wave
time series is taken from a WW3 grid point offshore of Central Fire Is-
land (40.6°N and 72.93°W). Hourly water level observations from
1933 to 2015 were also obtained from the NOAA tidal station 8531680
located at Sandy Hook, NJ. Table 2 shows themean and standard devia-
tion of the wave characteristics averaged over 5 year periods.
4. Results
4.1. Shoreline morphodynamics
The regular time series array of mean-removed residual shoreline
position is shown in Fig. 2 and shows 81 years of shoreline response.
The temporal pattern of change includes advanced (shoreline seaward
of the mean) or retreated (shoreline landward of the mean) states
that persists for a period of time and then the patterns reverse. For ex-
ample, the shoreline is in an advanced state in the pre-1950 period
(Fig. 2). From 1950 to 1970, the shoreline is in a dominantly retreated
phase. Beginning about 1970, the phase shifts back to an advanced
phase for approximately 10 years, and then retreats again beginning
about 1980. The system appears to fall out of this oscillatory phase be-
havior from the 1990s to ~2005. Shorter duration cycles of shoreline ad-
vance and retreat are better resolved in the shoreline record in the near-
term (Table 1) when the data are sampled more frequently. Prior to the
1990s, the sample frequency of the data is not sufﬁcient to resolve
smaller scale variations that would have occurred on time scales of
years, for instance during stormy periods versus non-stormy periods.
In addition to oscillations of shoreline position through time, there
are also alongshore zones of retreat or advancement that are spatially
persistent over long time periods (Fig. 3).The results of the linear regres-
sion analysis, conducted on the 81-year shoreline position dataset (Fig.
3), expand on those presented by Schwab et al. (2013), with an along-
island average of−0.11±0.11m/year, which is not signiﬁcantly differ-
ent from zero. The rates are highly variable alongshore, but the long-
term trends are distinct within the three geologic zones of Fire Island.
EGZ shows relatively high rates of erosion (−0.67 ± 0.21 m/year).
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change in WGZ are highly variable along the coast with an average of
−0.06 ± 0.16 m/year (no signiﬁcant change).
4.2. Empirical orthogonal function analysis
In the EOF analysis for the full time series (1933–2014, Fig. 4), 67% of
the alongshore position variability is described by three EOF modes,
herein referred to as EOF1, EOF2 and EOF3, explaining 33%, 19%, and
15% of the variance, respectively. EOF1 has the same sign (negative)
along the length of the island, and, thus, represents shoreline changes
that are in phase with each other over the entire coast (Fig. 4A). This
in-phase behavior can represent shoreline response typical of cross-
shore seasonal and storm behavior wherein the entire shoreline ad-
vances or retreats in response to alongshore uniform driving forces
(Miller and Dean, 2007). EOF1 contains both short-scale and larger-
scale spatial variability indicating differences in the amplitude of the re-
sponses. For instance, at the farwestern end of the island, the amplitude
is nearly zero indicating that this mode describes very little of the vari-
ance there. The amplitude increases within the rest of WGZ, is some-
what smaller in CGZ, and increases again in EGZ. There are slight
negative trends in the mode from the central area of the island towards
either end with the exception of the near-zero west end of the island
next to Fire Island Inlet.
The temporal eigenfunction associated with EOF1 indicates that
there are strong oscillations, which are consistent with storm response
and recovery as the shoreline moves landward and seaward across the
entire region (Fig. 4B). The sparse sampling prior to the 1980s might
suggest a trend between the 2nd and 3rd observations where the tem-
poral function experiences a large change (and change in sign). Howev-
er, it is likely that thereweremany oscillations in the temporal response10 20 30
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amplitude associated with each EOF mode. Note that the y-axes scale of EOF3 is different fromthatwere not resolved. After the early 1990s, the improved resolution of
thedata shows that the amplitude variations are very noisy andoscillate
around zero through the remainder of the time series.
The EOF2 mode accounts for 19% of the variance in the time series.
Spatial variability associated with this mode includes distinct differ-
ences in behavior of the island (Fig. 4C). In theWGZ, there is alongshore
variationwith a characteristic length scale of approximately 6 km. There
is a strong trend from high to low variance between EGZ to CGZ with a
phase reversal in the transition area between the two zones. The tempo-
ral coefﬁcient of EOF2 shows that the distinct spatial variation of the
long-term shoreline behavior between zones is dominant early in the
time series (~pre-1970), and vanishes around2000, and has anopposite
sign thereafter (Fig. 4D). This behavior corresponds to a large-scale
change in the shoreline angle as the east end of the island retreats land-
ward, the middle accretes, and the west is variable but stable, as docu-
mented by the linear regression shoreline change patterns (Fig. 3).
EOF3 describes 15% of the variance in the shoreline record. Spatial
patterns include large amplitude oscillations on the western half of
the island with wave lengths of 6–7 km (Fig. 4E). The length scale of
the oscillations in EOF3 is similar to the oscillations present in EOF2,
but the location of the peaks of the oscillations is spatially shifted, a re-
quirement since the differentmodes are uncorrelated. The temporal co-
efﬁcient shows little coherent change until the mid-1990s (Fig. 4F)
when there is a progressive change in amplitude (it becomes negative),
after which there is a reversal in the amplitude (trending towards pos-
itive) until stabilizing during themore recent dates (~post-2002)with a
slight positive value. On the western half of Fire Island, this indicates a
change in the phase of the rhythmic features such that the locations
where the shoreline had been in an advancing state have reversed to a
retreating state. The same is true for the eastern half of the island, al-
though the oscillations do not exhibit a systematic length-scaling as40
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48 C.J. Hapke et al. / Marine Geology 381 (2016) 42–53observed on the western half of the island. The time-scale of change is
much longer than individual storms (EOF 1) and is shorter than the
long-term trend (EOF2).
4.3. Wave record analysis
The results of the historical wave analysis is provided in Table 2 and
shown in Fig. 5a–d, alongwith the ﬁrst 3 temporal EOF coefﬁcients (Fig.
5e). From 1980 to 2015, the average wave height was 1.08 m and the
wave period was 7.06 s. The time series shows no apparent long term
trend in signiﬁcant wave height (Hs) or mean wave period (Tm). There
is a signiﬁcant trend in the wave direction (αw) that indicates a slight
(~3°) northward rotation after 1995 (Table 2).
4.4. Storm response
In order to examine shoreline response to known storm events in
the more recent, densely sampled time period, including the response
and recovery to Hurricane Sandy in 2012, we isolate the more recent
portion of the long-term time series, 1980–2014, from the data used
to produce Fig. 4 (Fig. 6). The spatial eigenfunctions in Figs. 4 and 6
are the same for reference. Known, individual large storms of the
2004–2014 time period are identiﬁed in all three of the EOF amplitude
time series (Fig. 6b, d and f). In all modes, large storms result in similar
magnitude increases in amplitude. This includes the response fromHur-
ricane Sandy, which was in comparison a far larger storm based on
wave height and period than the other notable storms of the 2004–
2014 record. One exception to the consistent storm response character-
istic is the large negative excursion in the amplitude of EOF3 in the pe-
riod from 1990 to 2004.
5. Discussion
Long-term time series of shoreline change provide an ideal dataset
to understand the relative importance of coastal change drivers on1930 1940 1950 1960 19
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Fig. 5. Time series of a) signiﬁcant wave height (Hs, m); b) meanwave period (Tm, s); c) mean d
EOF coefﬁcient (A). The ﬁltered signal (red line) is a 90 day moving average in a–c and a 1 yeabarrier island evolution. Our analysis of the long-term time series at
Fire Island indicates that the behavior and evolution of the barrier is-
land, as represented by multi-temporal shoreline positions and long-
term trend, is controlled by a combination of resolvable external and in-
ternal factors. The external factors are hydrodynamic processes associ-
ated with storms and the internal factors are linked to the geology of
the coastal system in the form of variations in alongshore sediment
availability and morphology (bathymetric variability and slope).
5.1. Hydrodynamic process and response
Our analysis indicates that shoreline variability that is coherent at
the largest spatial scale (EOF1) is the most-rapidly changing, with ﬂuc-
tuations that are not usually resolved by the temporal sample rate.
While the EOF approach does not inherently identify patterns of vari-
ability that represent different physical processes, the spatial coherence
of EOF1 remains high across the entire study domain (with the excep-
tion of the very western portion, which is known to be a migrating
spit). Therefore, the EOF 1 characteristics are interpreted to identify a
physical process (e.g., rapid, spatially coherent storm response and re-
covery), rather than simply breaking down a noisy signal, for which
EOF1would be expected to explain themost variance in the central por-
tion of the spatial domain (Merriﬁeld and Guza, 1990) and progressive-
ly less variance towards the domain boundaries.
There is also distinct variability that ismanifested in shoreline orien-
tation (EOF2) and is a large spatial-scale phenomenon that changes
over the longest times scales (century). This trend could be driven
oceanographically, e.g., as a response to the subtle trend in wave
angle, or it could be a differential response controlled by the different
geologic constraints present along the island. Finally, shorter-length
scale rhythmic features (EOF3) respond on intermediate timescales
(decades). We note that EOF analysis effectively separates the long-
term and short-term signals (e.g., EOF 1 and 2) from a dataset with var-
iable sampling in time. EOF analysis is particularly appropriate for this
irregularly sampled dataset, as it ﬁnds spatial patterns that represent70 1980 1990 2000 2010
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Alternatively, focusing the analysis on only the more recent, more fre-
quently sampled period leads to mixing of the long-term and short-
term signals and results in poor separation of trends. To test this, we re-
peated the analysis on the period 1980 to present and found two dom-
inantmodes: theﬁrstwas essentially the same as our original EOF1with
a slight trend added to it and the second was similar to EOF3. We also
performed a complex EOF analysis (e.g., Merriﬁeld and Guza, 1990)
which identiﬁed a dominant mode with nearly constant spatial phase
(no alongshore propagation), and rapid variation in temporal phase (a
standing wave consistent with shoreline erosion and deposition at
short time scales).
While EOF1 is coherent across the much of the analysis domain,
there are short-scale variations in its spatial pattern. The roll-off from
a spatial autocorrelation of the amplitudes of the spatial eigenfunctions
indicates that the shorter features have length scales less than about
1 km. These are superimposed on the large-scale structure (Fig. 4A),
which is visually apparent in the time series array (Fig. 2). The oscillato-
ry pattern of high variability with spatially alternating retreat and ad-
vancement is indicative of storm-related response and recovery of the
beach, similar to reversing hotspots observed by List et al. (2006) and
modeled by Valvo et al. (2006). In this response mode, stormwaves re-
organize sediment along the beach face resulting in distinct ~1 km cells
where the shoreline either retreats or progrades. Lower energy waves
gradually straighten the shoreline, thus reversing the storm shoreline
conﬁguration (Fig. 7A). Although our data are not able to resolve on
the intra-seasonal scales that were resolved by List et al. (2006), our
data do show patterns of persistence and reversal over longer time pe-
riods of years to decades (Fig. 2). One explanation for the oscillatory pat-
tern in the shoreline record is that variations in temporal sediment ﬂux
that produce longshore sandwaves result in gradual shoreline advance-
ment followed by retreat as packages of sand propagate alongshore
(Hicks and Inman, 1987; Stive et al., 1990; Stive et al., 2002). However,
there is little evidence of alongshore propagation of pulses of sedimentat Fire Island (Fig. 2), in agreement with our CEOF analysis and ﬁndings
by Gravens (1999), with the exception of the time period from approx-
imately 1994 to 2002. The oscillations also appear abrupt (sub-year)
based on the more recent time period (Figs. 4B and 6B), rather than a
pattern of gradual (multi-year) retreat and advancement, as is de-
scribed for propagating sand waves. Temporary reversals in the sign of
the oscillations (retreated hotspots becoming advanced hotspots) are
associatedwithmajor storm events, for example Nor'Ida in 2009, Hurri-
cane Irene in 2011, and Hurricane Sandy 2012 (Fig. 6B). A return to a
pre-storm state is indicative of recovery processes by which waves
move sediment landward in the surfzone as wave energy returns to
non-storm conditions. The geomorphic manifestation of this process is
that the shoreline becomes more variable for a period (sub-year) fol-
lowing storm events as sand is mobilized and deposited, reorganizing
to return to a pre-storm state.
The short spatial scale (b1 km) storm-related oscillations
superimposed on the alongshore-uniform structure of EOF1 is well cor-
related to the spatial variability of the long-term linear regression (cor-
relation coefﬁcient is 0.75), indicating that there is coupling between
the long-term shoreline trends (which we interpret to be controlled
by the framework geology) and the short-term variations associated
with storms.
The data analyzed in this study includes shorelines before and after
Hurricane Sandy, allowing for investigation of how extreme storms re-
solve in the long-term record as well as compare to severe, but lesser
storm events. Hurricane Sandy was a signiﬁcant event at Fire Island in
terms of overwash, island breaching and dune elevation changes (e.g.
Hapke et al., 2013). However, our analysis indicates that the shoreline
response from Sandy was not unique in magnitude or character than
other recent large storms such as Nor'Ida (2009) and Hurricane Irene
(2011). Each of these storms, as well as moderately large nor'easters
in 2005 and 2007, caused rapid phase shifts that were short-lived
(years) (Fig. 6B, D, and F). The short duration of the impact and the
lack of temporal trend in EOF1 and 3, suggests that, in the short term,
Fig. 7. Geomorphic responses associated with EOF modes: A) short-term change represented by net shoreline movement measured for Hurricane Sandy (Oct. 27–Nov. 5, 2012) and a
period of post-storm recovery (Mar. 13–Sept. 19, 2013) showing the geomorphic response with shoreline undulations of retreat and advance on the order of 1 km length-scale
associated with the variance in EOF1; B) long-term rates of shoreline change (see also, Fig. 3) indicating differential geomorphic behavior of the island which is similar in character to
the spatial variance in EOF2; C) shoreline change rates for the period from 1988 to 1998, in which the intermediate time-scale of shoreline variance demonstrated in EOF3 is shown in
the shoreline behavior.
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of amarked, long duration (15 year) negative excursion of the temporal
amplitude in EOF3 coincides with major nor'easters of the early 1990s
that severely impacted Fire Island. A similar responsemight be expected
from a storm with the magnitude of Hurricane Sandy given the large
amount of cross-shore transport that occurred during the storm, but
there is no evidence for this in the shoreline variance. It appears that
the frequency and duration of the early 1990s storms altered the state
of the preferred shoreline conﬁguration (Figs. 2 and 6C), possibly due
to lack of sufﬁcient recovery time between major events. However,
the winter following Sandy had a series of large nor'easter events –
seven storms with offshore signiﬁcant wave heights of greater than
four meters (Hapke et al., 2013). The lack of anomalous signal in shore-
line variance from Hurricane Sandy (as compared to the 1990s
nor'easters) is likely due to the substantial amount of sediment that
was mobilized during the storm. Although there was signiﬁcant trans-
port of material to the interior and back-bay portions of the island
(Hapke et al., 2013), large volumes were transported from the beach
and dunes to upper shoreface and were available for the short-term re-
covery of the shoreline (Nelson and Hapke, 2015). The results suggest
that extreme nor'easter storms or a period of large storms in successionhave the potential to disrupt long-term trends more signiﬁcantly and
for longer time periods than isolated tropical storms at Fire Island
(Figs. 2 and 6C).
The lack of a temporal trend in the amplitude of EOF1, especially in
the more recent period from 1980 to 2014 (Figs. 4D and 6D), suggests
that impacts of sea-level rise, effects of island reorientation, and nour-
ishment activities have not yet inﬂuenced the magnitude of storm im-
pacts at Fire Island. This supports other ﬁndings in our analysis that
the Fire Island barrier system is relatively resilient.
5.2. Geologic processes and evolution
EOF2 has a distinct along-island spatial variability that consists of
changes of sign in the different island regions (WGZ, CGZ, EGZ) as
well as short-scale spatial variability that is broadly distributed over
length scales shorter than 5 km. Alongshore variability in the long-
term shoreline change has been related to the geology in the form var-
iations in slope of the beach system (Lentz et al., 2013) and alongshore
sediment availability and bathymetric features on the inner continental
shelf (Hapke et al., 2010; Schwab et al., 2000, 2013). These physical var-
iations have been established as representing framework geology
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the barrier island. The spatial pattern of EOF2 is strongly correlated to
the long-term linear regression of shoreline change (correlation coefﬁ-
cient is 0.92), as expected since the temporal response of this mode is
dominated by a long-term trend (Fig. 4D). We contend that the strong
correlation between EOF2 and the long-term shoreline change pattern
statistically demonstrates the inﬂuence of geologic processes, or pro-
cesses inﬂuenced by framework geology, on barrier island evolution be-
cause the EOF analysis not only produces the same patterns but shows
that they are spatially coherent over very long length scales. Similar to
ﬁndings of Lazarus and Murray (2011) along the Outer Banks of North
Carolina, when the smaller length-scale, rapidly changing shoreline pat-
terns are removed (EOF1), the patterns of geologically-inﬂuenced long-
term change are exposed. The long-term shoreline change rates (Figs. 3
and 7B) provide evidence that the geomorphic expression of the island
results from persistent landwardmovement of the EGZ, seawardmove-
ment of the CGZ, and landward-seaward oscillation in the WGZ.
Wave ﬁelds can be modiﬁed by variable shelf morphology (O'Reilly
and Guza, 1993), such as the paleo-outwash deposit in the CGZ or the
sand ridge ﬁeld in the CGZ andWGZ at Fire Island, resulting in wave re-
fraction that alters the hydrodynamics closer to the shoreline. Addition-
ally, ridge ﬁelds have been found to dissipate wave energy associated
with storms along the Dutch coast (van de Meene et al., 1996). Similar
deposits exist adjacent to barrier islands along the U.S. eastern seaboard
(Duane et al., 1972; McBride and Moslow, 1991; Schwab et al., 2000)
and elsewhere, and the effects of these and similar features on barrier
island evolution are observed not only at Fire Island, but as demonstrat-
ed by Houser et al. (2008) and Houser (2012) in the Gulf ofMexico, and
McNinch (2004) and Schupp et al. (2006) along the Outer Banks of
North Carolina.
It is expected that the steeper and deeper morphology of the inner
continental shelf off the EGZ at Fire Island (Schwab et al., 2013) results
in higherwave energy reaching this portion of the coast (Davis, 1994) as
compared to the CGZ andWGZ, increasing both cross-shore and along-
shore sediment ﬂuxes. The steeper slope maintained by the beach sys-
tem and higher cross-shore sediment ﬂuxes during storms (Lentz et
al., 2013) is evidence of higher wave energy along the EGZ. The steeper
and deeper morphology in EGZ is a function of the variable framework
geology affecting evolutionary processes.
In addition, the volume of modern sand on the inner continental
shelf along Fire Island, a function of sediment thickness, is highly vari-
able and the region offshore of the EGZ is largely devoid of modern sed-
iment (Fig. 1; Schwab et al., 2014). In contrast, the CGZ and WGZ have
an abundance of modern sediment. Schwab et al. (2014) provide evi-
dence that the modern sediment distribution extends into the lower
shoreface. It is reasonable to assume that the relative distribution of
sand in the shoreface is a function of sand availability on the inner
shelf and in turn the distribution of sand in the littoral system a function
of sand availability in the shoreface. The volume and distribution of
modern sand are thus a result of the framework geology. Material
transported inland as overwash and breaching during large storms is
lost to the littoral system. To maintain the shoreline position, sediment
from the shoreface would be required to replenish the lost littoral sed-
iment, a process that is necessary to achieve the observed long-term
maintenance of the barrier island.
5.3. Additional process controls
The ﬁnalmode that we retain in the analysis, EOF3, consists of broad
oscillations in theWGZ and thewestern portion of the CGZ (length scale
of 6.3 km, based on spatial autocorrelation) and describes high ampli-
tude, large excursions along the length of Fire Island (Fig. 4E). The spa-
tial variations are only weakly correlated to the long-term linear
regression (correlation coefﬁcient is 0.34), indicating that they are at-
tributable to a process that differs from the one driving long-term re-
treat and advancement of the shoreline identiﬁed in EOF2. The largestwavelengths occur on the western half of the island and the retreat
and advancement excursions have a characteristic wave length that is
similar in length-scale, but generally out of phase, to the excursions in
EOF2. The locations of focused shoreline retreat and advancement are
maintained over long periods of time with small amplitude increases
that are storm-related (Figs. 2 and 4F).
It is unclear what processes are creating and maintaining the large-
scale oscillations, which resembled a standing wave in both EOF2 and
3. Slight changes in the angle ofwave approach can alter the alongshore
sediment ﬂux and produce irregularities in the shoreline that could be
maintained if the wave direction persisted for some period of time
(Ashton et al., 2001; Ashton andMurray, 2006). Excursions in the shore-
line maintained by a persistent wave approach may become diffusive if
the wave angle relative to the shoreline is reduced sufﬁciently. The
wave analysis (Table 2 and Fig. 5) indicates that the wave angle relative
to the shoreline at Fire Island has slightly increased, which would in-
crease the tendency for shoreline excursions. The overall morphology
of the island may not be persistently embayed because the processes
creating the oscillations in EOF2 and 3 are out of phase and may act to-
gether like a progressive wave that somewhat resembles alongshore
propagating sandwaves. The geomorphic expression of EOF3 is demon-
strated in Fig. 7C, which shows the decadal linear regression rates from
1988 to 1998, a subset of our time series. The patterns of shoreline
change during this period clearly show large (~6 km length scale) pos-
itive shoreline excursions indicating zones of progradation adjacent to
zones of retreat along the WGZ and the western portion of the CGZ,
from 0 to 23 km alongshore. The length scale decreases to the east
and there is no evidence of a sustained length scale of the retreat versus
advanced cells.
The sign of the temporal coefﬁcient of EOF3 remains the same over
several decades (Fig. 4F), leading to the persistence of the zones of ad-
vanced and retreated shorelines, with the exception of a signiﬁcant ex-
cursion that peaked in 1995. In the time period between 1990 and 1995,
the zones reversed and their amplitudes increased rapidly. This major
system reconﬁguration is associatedwith the series of severe nor'easter
storms that occurred in rapid succession in 1991, 1992, and 1993, and
potentially forced an unstable state. Over a decadal time period follow-
ing the early 1990s nor'easters, the amplitudes steadily decreased and
for the most recent decade remain similar to pre-1990s magnitudes
and sign (Fig. 6F). The eventual return to a pre-1990s behavior (Figs. 2
and 6F) after the storms of the early 1990's supports that there is a pre-
ferred conﬁguration of the shoreline response, further demonstrating
geological control and overall island stability.
5.4. Management implications
The separable and distinct behaviors which deﬁne shoreline
morphodynamics and evolution at Fire Island have signiﬁcance for
both coastal management and for the development and reﬁnement of
predictive models. Management actions can beneﬁt not only from the
enhanced understanding of the along-island morphodynamics, but
also through the recognition that speciﬁc locations along the coast
have a preferred response whichmay aid in decisions to manage differ-
ent sections of the island in different ways.
6. Conclusions
Our study of variance using empirical orthogonal function analysis of
a long-term shoreline database demonstrates that the primary controls
on shoreline response along a geologically-variable barrier island can be
resolved on time scales ranging from storm events to decadal variations
over a period of nearly one century.
Short-term storm response and recovery dominates the shoreline
behavior on the largest spatial scales (along the entire barrier island).
There is no conclusive indication of a trend through time in the storm
response mode of the shoreline implying that the Fire Island barrier
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clusion is the shoreline response to Hurricane Sandy in 2012, whichwas
the largest storm on record for Fire Island but is not differentiable from a
number of severe but lesser storms of the previous decade.
The analysis of the long time series also provides a quantitative ap-
proach to support that long-term shoreline evolution is controlled by
the framework geology of the system represented by known variations
in inner shelf bathymetry, beach-shoreface morphology, and long-term
rates of shoreline change. The geologic processes that control long-term
morphodynamics result in the ends of the island responding in opposite
phase to the central portion; this behavior is not simply an artifact of the
statistical methods approach since the long record of geomorphic
change of the barrier island also supports a geological control. The dif-
ferential evolution of the barrier, therefore, is a function of the geologi-
cal history of the region even prior to the formation of the barrier itself.
An additional mode of variance in shoreline response reveals an in-
termediate-scale pattern that persists over both long and short-term
time scales. Although speculative, we suggest that the pattern results
from an unresolved combination of, or feedback between, storm pro-
cesses and framework geology (bathymetric variability and sediment
availability). The temporal record suggests there is a preferred conﬁgu-
ration of shoreline response that can be periodically disrupted in associ-
ation with major storms, but the deviations are not large and are short-
lived (sub-year), supporting that the island is in a stable conﬁguration.
The exception to the stable conﬁguration is the response associated
with a period of frequent, severe nor'easters in the early 1990s; the re-
covery from this exceptionally stormy period took approximately a
decade.
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